The random modeling combustion of lycopodium particles has been researched by many authors. In this paper, we extend this model and we also generate a different method by analyzing the effect of random distributed sources of combustible mixture. The flame structure is assumed to consist of a preheat-vaporization zone, a reaction zone and finally a post flame zone. We divide the preheat zone to different parts. We assumed that there is different distribution of particles in sections which are really random. Meanwhile, it is presumed that the fuel particles vaporize first to yield gaseous fuel. In other words, most of the fuel particles are vaporized at the end of the preheat zone. It is assumed that the Zel'dovich number is large; therefore, the reaction term in preheat zone is negligible. In this work, the effect of random distribution of particles in the preheat zone on combustion characteristics such as burning velocity, flame temperature for different particle radius is obtained.
Introduction
In industries that manufacture, process, generate, or use combustible dusts, an accurate knowledge of their explosion hazards is essential. Therefore, analyzing the combustion of micro organic particle is noticeable. Many researchers have been studied in this issue. [1] [2] [3] Bidabadi et al. [4] [5] [6] are one of the research groups that mainly worked on this area. We are working on the modeling of dust clouds combustion. We have reached this point that when there is a dust clouds combustion in real condition, the rate of equivalence ratio is different in our area, so we decide to make a better model which is close to the experimental work.
In order to obtain information on the random explosion of dust, the fundamental mechanisms of flame propagation in dust suspension have not been studied. This is mainly due to experimental difficulties in the generation of random dust suspension. Ross et al. 7 by measuring the center temperature response, investigated volatilization time for six different-size coals. To investigate the burning velocity of laminar flames of lycopodium, Kaesche-Krischer and Zehr 8 fed lycopodium into the lower end of a vertical tube of 2 cm in diameter, where it was dispersed into a stationary dust cloud by an upward-moving stream of air. This arrangement made it possible to obtain stable flames in the dust concentration range from 200 to 500 g/cm 3 . In a previous study, Bidabadi and Rahbari 4 investigated an analytical model for the combustion of lycopodium particles by considering the temperature difference between the gas and the particles. In another study, Bidabadi and Azimi 5 investigated the effect of radiation and particle size on the pyrolysis of biomass particles in a combustible mixture containing uniformly distributed volatile fuel particles. Furthermore, Bidabadi and Haghiri 6 investigated the effect of thermal radiation on the flame propagation through organic dust cloud. Mason and Wilson, 9 who also studied the burning velocity of stationary flames of lycopodium, described a dispersing arrangement where lycopodium was elutriated from a fluidized bed. They obtained stable dust flames in the concentration range from 125 to 190 g/cm 3 .
Han et al. 10 worked on an experimental approach to investigate the behavior of laminar flame, in order to calculate the laminar flame velocity. Kuo and Hsi 11 carried out experiment ignition in which single wooden spheres were heated in a hot air stream. Three species of wood were used. The single wooden spheres were oven-dried and exposed to various temperatures and streams of air with different flow rates. Also, they have discovered that the time for flaming ignition depends on the diameter of the wooden particles, as well as the type of the wood in addition, temperature distribution for different kind of wood has been extracted. Cetin et al. 12 studied the gasification kinetics of chars from different biomass species. Effects of pyrolysis pressure on the chemical structure of char were investigated. Also, the char conversion reactivity's were attained.
Combustion is a widely used technology for energy conservation of biomass. In order to develop more efficient systems for the combustion of biomass particles, a clear understanding for the mechanisms and processes involved in the combustion, these particles must be provided. 13 Related to this goal, Proust 14 has measured laminar burning velocities and maximum flame temperatures for combustible dust-air mixtures such as starch dust-air mixtures, lycopodium-air mixtures and sulphur flour-air mixtures. They used two methods for determining laminar burning velocities: the classical ''tube method'' and a ''direct method'' based on the simultaneous determination of the flame speed and of the mixture velocity ahead of the flame front using a tomographic technique. In order to valid their results, they compared the results obtained with CH4-air mixtures. Also, Eckhoff 2 has clarified the differences and similarities between dusts and gases. It has been concluded that there are two basic differences between dusts and gases. Firstly, the physics of generation and up-keeping of dust clouds and premixed gas vapor clouds are substantially different. Secondly, contrary to premixed gas flame propagation, the propagation of flame in dust air mixtures is not limited to the flammable dust concentration range of dynamic clouds.
In reality, the preparation conditions for different particles are not the same. So the combustion properties such as burning velocity, flame temperature and the amount of released energy which are a function of these preparation conditions would vary along the flame front since these preparation condition for different fuel particles are random and different. In other words, the combustion process is not uniform. The presents work is a development on the combustion of organic particles that was modeled in random media. The first zone is a preheat-vaporization one where the rate of chemical reaction is small. The second zone is, asymptotically, a thin reaction where the convection and the rate of vaporization of the particles are negligible. The third one is a post flame zone where the rates of chemical reaction and vaporizations are presumed to be small (Figure 1 ). The analysis is performed in the asymptotic limit where the value of the characteristic Zeldovich number is high. We measured the variation of the dimensionless temperatures, the mass fraction of the particles, the equivalence ratio ' g and the burning velocity as a function of ' u by using two different models. In the first model is developed by assuming that the particles and gaseous flow have the same temperature in preheat zone and, for the second model, it is assumed that particles temperature is different from the gaseous flow. Finally, a random model has been presented in this paper. In order to valid the obtained result, we have compared the presented model with the Han et al. 10 and Proust 14 experiment data.
Governing equations
A model is considered to describe flame propagation in a combustible mixture consisting of randomly distributed volatile fuel particles in air. The vaporization rate is an effective parameter controlling the combustion phenomenon. The way that the effects of this particular parameter are modeled is the main difference between random and ordinary combustion models. The combustion process is modeled as a one-step over all reaction
where the symbols F, O 2 and P denote the fuel, oxygen, and product, respectively, and the quantities v F , v o 2 and v p denote their stoichiometric coefficients.
In the asymptotic limit, the value of the characteristic Zeldovich number based on the gas-phase oxidation of the gaseous fuel is large and it is defined by
The subscripts f and u denote the flame and the ambient reactant stream conditions. The governing equations can be written as follows.
The mass conservation law is
where is the density of the reacting medium and v is the velocity. Also, it is assumed that particle velocity is equal to gas velocity. The kinetics of vaporization is assumed to be represented by the expression
where A, n, and T are parameters characterizing the rate of vaporization, a constant quantity, and gas temperature, respectively. All gradients in the direction parallel to the flame front are negligible. Thus
The energy conservation equation for the combustion of lycopodium particles is
The gaseous fuel mass conservation is
refers to the density, v is the flow velocity, Y f is the mass fraction of the fuel, w F is the reaction rate with units of mass of gaseous fuel consumed per unit volume per second, Q is the heat release per unit mass of the fuel burned, and Q is the heat related to the vaporizing unit mass of the fuel. The heat capacity C is the combined heat capacity of the gas C p , and of the particles C s , and can be evaluated from the following expression. The heat capacity correlation is evaluated from the following expression
The particle mass conservation is
where Y S is the mass fraction of the particles, s and C are the density of fuel particles and char, respectively, which are considered to be constant.
Equation of state T ¼ const ð9Þ
The boundary conditions used for equations (5), (6), and (8) are
where T b is the final adiabatic flame temperature. The effect of the temperature difference between the gas and the particles can be taken into account by the energy conservation equation on the surface particles with assumption of constant temperature distribution
Dimensionless system of governing equations
For more simplicity, we have used the main equations (5), (6), (8), and (12), in non-dimensional form. The dimensionless parameters that we used for that aim are as follows
In above equation, T f is the maximum temperature of the reaction zone. , s , and Y F are, respectively, the dimensionless gas temperature, and mass fraction of the gaseous fuel, and is the variable that reflects the effect of the temperature difference between the gas and the particles. Systems (5), (6) , (8) , and (12) can now be rewritten in the dimensionless form as
Here, ys ¼ 4r
The parameter is presumed to be the order of O(1). Thus, the dimensionless forms of the boundary conditions for these equations are
In this research, we neglect the quantity q, which is the ratio of heat required to vaporize the fuel particles Q v , to the overall heat release by the flame Q (see equation (18)) because Q v is too small in comparison with Q.
Preheat zone (À1 < x < 0 À )
In the limit Ze ! 1, the reaction term between the gaseous fuel and oxidizer is assumed negligible. Therefore, the dimensionless equations in this zone can be obtained
The boundary conditions for these equations are:
The solution of the above-given equations under these boundary conditions yields the following results for the gas 0 ¼ exp z ð25Þ
For particles
Reaction zone (0
In this zone equivalence ratio ' u is based on the fuel available in the particles, in the ambient reactant stream. In reaction zone, the diffusion and the reactive terms are small in comparison with the convection and vaporization terms in the conservation equations. Governing equations are obtained as
To analyze the structure of this zone, we introduce following expressions
The quantities b and t are assumed to be of the order of unity. ! is obtained as
Introducing these parameters into equations (34) and (35), we obtain
Substituting equation (41) into equation (34), we write
where ! is obtained by substituting equation (38) into the first equation in equation (19). Therefore, equation (43) is
Substituting equation (41) into equation (34), we obtain
Subtraction of equation (46) from equation (39) yields
The boundary condition for equation (47) is determined via matching the solution in the convection zone
And in the preheating zone For the gas phase
For the particles
Integration equation (44) and using the boundary conditions, we obtained the following expressions For gas
Burning velocity Now, the burning velocity by using the first model which is developed by assumption of no temperature difference between particles and gaseous flow which contains the oxidizer and vaporized fuel in preheat zone, can be evaluated as
Also, burning velocity can be obtained by using another model which is developed by presuming different temperature between gaseous flow and particles in preheat zone, burning velocity can be obtained by the following equation
The parameters b and T f are known, so that we can calculate the burning velocity v u by using above equations also, we can get the burning velocity in equation (54) by neglecting vaporization heat of fuel particles Since the thickness of reaction zone is too small, it is justifiable to set y F f ¼ 0, according to the definition of equation (36) 
In order to obtain T f in the reaction zone, the following jump condition is used
By substituting equations (26) and (30), into equation (55), we obtain the flame temperature for the gas and the particles
The numerical calculations were performed for rich mixture u ! 1. Thus, for combustible mixture of fuel particles and air, the effective gas phase equivalence ratio ' g and the equivalence ratio u based on the fuel available in the fuel particles are described as
Random model
In fact, the preparation conditions are not the same for different particles. So the combustion characteristics such as flame temperature, burning velocity, and the amount of released energy which is a function of these preparation conditions for different fuel particles are random and different. In other words, the combustion is not uniform. The source term in energy equation represent the amount of energy that is released during the reaction. The total released energy consists of released energy along the flame front. Since we have assumed that only gaseous fuel reacts with oxidizer, the total released energy is a function of total available fuel that is the fuel in gaseous phase. It should be noted that released energy vary along the flame front since the amount of available fuel along the flame front is not uniform.
According to equation (3), the amount of gaseous fuel released from particles is a function of following parameters:
. Shape and size Shape and size are two effective parameters that effect on combustion properties. Here, we assume that particles are in the same size and shape.
. Number density This parameter is defined as the total number of particles per unit volume
Also, we can calculate this parameter as a function of equivalence ratio as follows
At the beginning of preheat zone Y Fu and Y s are equal so
In which
Here, we have assumed that the particles volatize to form methane so
In ideal situation, the distribution of particles along the flame front is uniform furthermore, the status is the same for each particle when they are passing the preheat zone. But, in reality nor their distribution along the flame front is uniform neither the status for different particles are the same.
. Particle temperature
In the preheat zone temperature vary from ambient temperature to flame temperature and particles sense different temperatures which is between these two temperature. So, the amount of volatized fuel from each one would be different according to its temperature.
These properties are not the same along the preheat zone for each group of particles. So the amount of volatized fuel at the end of preheat zone would vary along the flame front.
For modeling, the random situation along the flame front, we have modeled the source term in the energy equation by means of considering random situation for volatizing the particles in preheat zone. For this goal, different groups of particles were assumed. Each group contained random amount of particles and these particles sensed a random temperature between ambient and flame temperature in the preheat zone. The net available fuel would be the sum of volatized fuel from each group (Figure 2) n s,t ¼ X g j¼1 n s j ð66Þ
For calculating the net rate of reaction, we can use the following equation
Hence, the term w F u Q in energy equation (5) that is the generation term would be
In the above equations, parameter g represent the number of particle groups. The number density of each group can vary from zero to n s,t . In non-random distribution of particles in preheat, which means that the situation for all particles is the same and uniform, there would be just one group of particles with total number density of n s,t . In random consideration, however, the condition for different groups of particles would not be the same any more.
Results
The objective of this study is to evaluate the effect of random particles distribution on flame temperature and burning velocity by considering the temperature difference between gas and the particles. For this purpose, we used different radius of particles in order to find the flame temperature and burning velocity for the random particles distribution. Moreover, we compare the random and the ordinary model published by Bidabadi and Rahbari. 4 Temperature distribution in the preheat zone was derived analytically as a function of the length of the preheat zone. This means that the distribution of the particles in the preheat zone strongly affect the rate of vaporization of the particles. In order to model the random combustion of these particles, it is assumed that the sources scattered randomly in the preheat zone.
As an overall description, we plot the random and the ordinary curves for various particles, diameters. In ordinary curves, particles are distributed uniformly in preheat zone. It is obvious that the flame temperature goes up when the equivalence ratio increases, and when the particles radius grows, the flame's temperature slakes.
For a low value of strain rate, the results obtained here can be compared with the results of premixed flames propagating in a uniform cloud of fuel particles, attained by Seshadri et al. 15 For illustrating the accuracy of the model, we plot Figure 2 , the tendency obtained for the variation of burning velocity as a function of equivalence ratio is similar to the model published by Bidabadi and Rahbari. 4 For the validation of our presented model, the data obtained for burning velocity are compared with the experimental data published by Han et al. 10 As seen in Figure 3 , both random and nonrandom have a reasonable compatibility with the experimental data; however, the random model has a better agreement. For farther validation, we have plotted Figure 4 . We can see the comparison of presented data and ordinary model presented by Bidabadi and Rahbari 4 and experimental data from Proust's work 14 for burning velocity as a function of mass concentration the results shows that the presented random model leads to better agreement with the experimental data than the data obtained by uniform situation assumption. 4 Raising the equivalence ratio will increase the burning velocity which is illustrated in Figures 5 and 6 . The burning velocity will rise when the radius of the particles is reduced from 50 to 10 mm. This is due to the fact that when the radius of particles is small, the contact between particles and oxidizer is much better.
In Figures 7 and 8 , flame temperatures obtained by using first and second model are compared with random model, respectively. As the particle's size decreases, the total particles surface area increases, and thereby higher vaporization rate occurs that ultimately increases the flame temperature and burning velocity. On the other hand, the local flow velocity increases as the strain rate rises.
The effective gas phase equivalence ratio in the reaction zone, ' u ¼ 17:18Y Fu =ð1 À Y Fu Þ, is illustrated as a function of ' g in Figure 9 . It shows that although the value of ' u is greater than unity, the flame is lean as the value of ' g is less than unity. This is due to the coupling between the kinetics of vaporization and the kinetics of oxidation. On the other hand, ' g increases when the radius of the particles passes from 50 to 10 mm. This is due to the fact that for the constant ' u , as the particle's radius decreases, contact surface between the oxidizer and the particles increases, and it provides better vaporization process.
The parameter for the gases fuel and particles fuel has been described in equation (18) . Furthermore, we Comparison between experimental data published by Proust 14 and, presented random model for 15.5 mm particles radius and, the model published by Bidabadi and Rahbari. plotted the parameter as a function of ' u in Figures 7  and 8 which is a dimensionless quantity. By changing the rate of the equivalence ratio with our random model, the fluctuation of the parameter is obvious in Figures 10 and 11 .
As we can see in Figure 4 , the compatibility of presented random model by the experimental data published by Han et al. 10 and Proust 14 in Figures (52). It is seen that the burning velocity in second model is higher than the first model because of the fact that when there is temperature difference between gas and particles, the heat transfer from gas to particles is more, and as a result the more amount of particles would evaporate and the amount of available fuel in combustion region will increase (' g will increase); as a result, the burning velocity and the flame temperature will increase. Compared to the ordinary model, the random model has a better compatibility with the actual condition. As observed in these figures, the increase in the equivalence ratio associates with the rise in the burning velocity. Worthy of notes with regards to Figures 3 to 6 is the increase that occurs in the amount of flame temperature and burning velocity after certain values of equivalence ratio, this is due to the fact that by increasing the equivalence ratio, the amount of released reaction heat would increase. Hence, the flame temperature and preheat temperature would increase meaning that the amount of vaporized fuel in the preheat zone would increase. After a while the amount of vaporized fuel would be equal to the stoichiometric value. In this case, the effective equivalence ratio would become more than unit and the flame temperature would become equal with the adiabatic temperature. After that by increasing the equivalence ratio, the effective equivalence ratio would remain constant which means that the amount of reaction heat released during the combustion would not change, whereas the amount of reactant taking part in the reaction would increase. As a matter of fact the equivalence ratio ' u depends on flame temperature which means by increasing the flame temperature the equivalence ratio will rise. Furthermore, in this case, the effective equivalence ratio is less than unity as we can see in Figure 9 .
As perceived in this figure, the flame temperature increases by increasing the equivalence ratio due to the fact that higher equivalence ratio leads to the release of higher amount of reaction heat and therefore the flame temperature increases.
As a comparison, we can see that the flame temperature in Figure 7 , which is flame temperature without temperature difference assumption, is a bit higher than the flame temperature with temperature difference assumption in Figure 8 . Figure 9 illustrates the variation of effective equivalence ratio as a function of equivalence ratio both for random and ordinary models. It is obvious that ' u is larger than unity. The value of ' g , which is the effective equivalence ratio in the reaction zone, is less than unity. It is seen that by increasing ' u , ' g would also increase.
After a certain amount of ' u for different particle radiuses, ' g would become unit and would stay constant. It is also seen that for small particles, random calculations represent a faster growth for ' g than nonrandom calculations and for the big particles this fact would be opposite. The reason for such behavior was already mentioned when explaining the results obtained for the flame temperature in different modes.
We can see the parameter in equation (18) and, as Figure 10 shows the parameter for gaseous fuel is higher than the particles fuel in Figure (11) . The assumption that the quantity is of the order of O(1) is seen to be fairly acceptable.
Conclusion
As a conclusion, we can see the effect of randomness in our model which is the fluctuations in our diagrams. The fluctuation shows that there are various rates of fuel in different sections. Therefore, the results are much closer to the experimental work. A computer code was developed for determining the random combustion characteristics of the organic dust particles and the effect of wall temperature on the characteristics of the organic dust combustion for present model and ordinary model published by Bidabadi and Rahbari. 4 From this research, the following conclusions are extracted:
. The calculated flame temperature from the present model is compared with the experimental data,10 and it is obvious that the random calculations have a better agreement with the experimental data. . ' u which is the equivalence ratio, has been considered larger than unity, but it is seen that ' g which is the effective equivalence ratio is less than unity. And also, it was observed that for particles with radii smaller than 20 mm, the rate of ' g growth in random mode is larger than nonrandom mode and for particles with radii larger than 20 mm, this fact is the opposite. This is because of the nature of the combustion that the particles must vaporize first and then combust in gaseous phase. Therefore, the probability of vaporization would increase with the decrease of particle's radius. This fact would also influence the flame temperature and burning velocity of the particles with the same manner. . Finally, there are so many parameters still unknown in our research. Also, we offer that it is possible to present other models for different fuels particles in various regions.
